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ABSTRACT 
The low-density D. C. electrical discharge in a uniform gas 
stationary with respect to the electrodes has been studied extensively. 
However. when the gas moves at a hypersonic speed transverse to 
the electrodes, several completely new effects are introduced. Ex-
periments were carried out with air in the GALCIT 5-inch by 5-inch 
hypersonic wind tunnel with a nominal Mach number of 5. 8. D. C. 
breakdown voltages and steady-state sub-normal glow voltages were 
measured across a channel formed by two sharp-edged insulating flat 
plates in which flat-plate "Rogowski" electrodes were embedded. 
Segmented electrodes were then used in the normal glow regime to 
measure current distributions at each electrode for various electrode 
segment combinations. total currents. and densities. 
Some important results of the present study are the following. 
For the characteristic dimensions and speeds involved. the explicit de-
pendence of electrical breakdown upon the velocity of the stream is 
small compared to the effect of boundary layer density defects. A 
theoretical treatment of breakdown is given and qualitative agreement 
with experiments is obtained. In the normal glow regime using seg-
mented electrodes, an unmistakable explicit flow velocity effect was 
observed, with the discharge current paths being displaced downstream 
compared to static bell-jar tests at equivalent densities. 
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I. INTRODUCTION 
In general, it may be said that the low-density D. C. electri-
cal discharge in a uniform gas stationary with respect to the elec-
* trodes is well understood. Over half a century of active research 
and countless papers have left us with a number of authoritative 
reference works in the field. 
An extensive treatment of the general problems of breakdown 
may be found in "Electrical Breakdown of Gases", by Meek and 
C ( 7 ) t Fu th h . . f . . f t . raggs. r er ex austlve 1n ormatlon on var1ous ac ors 1m-
portant to gaseous discharges and the refined measurement thereof 
is found in 11 Basic Processes of Gaseous Electronics••. by Loeb. (4 ) 
Fundamental collision processes that occur in both breakdown and 
sustained discharges are to be found in the detailed treatise, 11 Elec-
tronic and Ionic Impact Phenomena", by Massey and Burhop. (S) 
Simple introductory treatments are given by Cobine ( 2 ) an~ von 
Engle(!)• while two volumes of 11 Handbuch der Physik••, Gas Dis-
charges I and II, Volumes XXI( 9) and XXII(3)• contain perhaps the 
most complete account of electrical discharge phenomena over the 
complete current range. 
In contrast to the huge list of publications on ••static•• gaseous 
discharges, there is little relevant information on gas discharges in 
the presence of a high speed gas~lS,lb) Rec~ntly, however, the experi-
mental study of electrical discharges in high speed flows has become 
* Surface effects are still a problem. 
t Numbers in parentheses denote references at the end of the text. 
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of topical interest by reason of the sharply increased attention given 
basic non-equilibrium interactions between charged particles and a 
high- speed neutral gas. 
Consider the effect of the addition of a high-speed gas flow be-
tween the electrodes of a D. C. electrical discharge. The "well under-
stood" static discharge becomes disrupted by the appearance of con-
vection in a direction generally different from that of the electric 
field; in addition, the presence of the electrodes themselves and the 
discharge may cause severe non-uniformities in the flow field--
which in turn affects the discharge, and so on. Thus, in the general 
case, the flow affects the discharge and the discharge affects the flow. 
~--F-L __ o_w ____ _:l·~--------·~~~----n-r_s_c_HA _R __ G_E __ ~ 
From the theoretical point of view, this interaction is reflected by a 
complete coupling of the two groups of governing equations -- the con-
servation equations of each species and the electromagnetic relations 
including Ohm 1s law. Thus, at present, the general theoretical situ-
ation offers little hope. Experiments, on the other hand, can and have 
been made of situations involving this reciprocal interaction, but the 
large effect of the geometry both on the flow and on the discharge has 
generally limited the results to the particular devic e under study. 
Less ambitiously, then, as a simpler approach we investiga te 
regimes in which the interaction occurs essentially in one direc tion. 
The possibilities are: 
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1) FLOW I ·I DISCHARGE 
2) FLOW I· I DISCHARGE 
It is easily seen that (1) is indeed possible, and it is the basis for 
the experimental investigation of this paper. 
For example, since gaseous conduction of electricity may de-
pend on a quite small percentage of all the particles in the gas, it is 
quite possible to change the discharge characteristics by a small 
change in the flow parameters, whereas even orders of magnitude 
change in the electrical circuit may not perceptibly perturb the flow. 
This should be the situation when current densities are very low and 
the dynamic impact (p u 2 ) of the flow is very high. If p (the flow 
(X) 
density and thus the discharge density) is to be kept in the usual low 
density region of gas discharges, then U , the flow velocity, must 
(X) 
be high. Thus, high-speed flow effects on breakdown and sustained 
low-current discharges into the glow regime can be studied experi-
mentally in a hypersonic wind tunnel with a negligible effect on the 
stream parameters, thus satisfying ( 1 ). (See IV. 1. ) 
It would be well to examine the significance of a superposed 
hypersonic flow upon conduction between two electrodes imbedded in 
two parallel flat plates with the electric field transverse to the flow. 
Consider first the case of inviscid, shock-free flow, where the ve-
locity, density, and pressure of the gas are assumed identical from 
point to point. These assumptions are very significant, since they 
mean that the flow Held is uniform, making the problem similar to 
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that of the static case where the condition of uniformity is also met. 
The only difference between the two cases is the existence of the 
fluid motion in the present problem. The effect of the motion of the 
gas relative to the electrodes is not obvious a priori. However, it 
cannot be significant if the velocity of the flow is much smaller than 
the transverse drift of the electrons and ions under action of the elec-
tric field. It is true that the electron drift velocity is much higher 
than that of the ions. On the other hand, since Coulomb forces make 
charge separation difficult, and since the ions are a necessary com-
ponent of the breakdown mechanism, it would be more appropriate 
to compare the flow velocity with the ion drift velocities. This will 
be done in detail in a later section. In a flow of this type, it is pos-
sible that the progress of the electrons toward the anode remains 
-2 
unaltered by the stream if the density is low (of the order of 10 of 
atmospheric) and the electron-atom collision cross section is low; in 
other words, the fluid density remains (as in the static case) the 
important parameter as far as the electrons are concerned. The 
situation is different when it comes to the positive ions by virtue of 
their much larger transit time between the electrodes compared to 
the electrons. With a hypersonic transverse velocity component, 
the positive ions may have a tendency to be swept downstream and to 
escape the discharge area. If this tendency to escape the discharge 
region because of the convection of the free stream is stronger than the 
electrical effects tending to retard the ions, charge separation could 
occur. In self-sustaining discharges, this process will represent a net 
current leaving the discharge region, and a difference between anode 
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current and cathode current should appear. On the other hand, if the 
ions escape only by taking an equal number of electrons vvi. th them 
(escape in pairs), then restoring forces would not arise, but the 
overall "ionization efficiency" of the discharge should decrease since 
a smaller number of ions and electrons now arrive at the electrodes. 
We conclude that conduction between electrodes may be altered by 
the direct influence of the inviscid flow field on the ions and possibly 
by an indirect influence on the electrons. 
Consider next the effect of viscosity. In this case, a bound-
ary layer will grow on each electrode. Were we considering low 
speed flow, the boundary layers would result only in a non-uniformity 
in stream velocity. In hypersonic flow, however, the boundary layer 
also introduces large density gradients normal to the electrode sur-
* face because of the large temperature changes in the viscous bound-
ary layer. For a Mach number of 6 over an insulated surface, the 
fluid temperature adjacent to the surface is approximately six times 
larger, and the density six times smaller, than the free stream con-
d "t' t l lOnS • Here, we encounter a phenomenon unknown in previous 
breakdown studies; the gas in the inter-electrode space has a strongly 
non-uniform density distribution, which should certainly affect the 
behavior of both ions and electrons. 
* In the low density "cold" discharges under consideration, where the 
electrons receive the ionization energy from the electric field (non-
equilibrium ionization), the effect of temperature in the gas upon the 
discharge is manifested only in its effect on the density (a mfp effect). 
Seep. 69 of ref. 3, "The Glow Discharge at Low Pressure", by 
Gordon Francis. 
t Of course, for a "sufficiently" cold wall, the wall density could be 
higher than the free stream value. 
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Finally, shock waves should be considered. In hypersonic 
flow, it is only with difficulty that the region between two near-planar 
electrodes can be made reasonably shock-free. Like the boundary 
layers, the greatest effect of the shocks should be the non- uniform-
ities (in velocity, density, etc. ) introduced into the flow Held. 
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II. BREAKDOWN VOLTAGES 
II. 1. Approach and Objectives 
In a gaseous discharge, the production of charge carriers is 
usually accomplished by one of two methods, thermal agitation or the 
use of an electric field. In the first method, the gas is heated as a 
body so that particles at the high-energy end of the Maxwell temper-
ature distribution attain energies exceeding the ionization potential 
of the gas molecules. In the second case, the gas is immersed in a 
strong electric field which provides ionization energy to a small num-
her of electrons which are always present (from cosmic rays, for 
example); the additional electrons formed in turn make ionizing col-
lisions and so on, thus creating an avalanche which leads to dielectric 
breakdown and one of the self-sustaining discharges. 
With the presence of a high-speed gas, in order to fulfill the 
condition that there be an essentially one-way effect of the flow upon 
the discharge, the second case is appropriate -- where the electron 
energy is obtained by acceleration in an electric field. Of all the 
operating points on a typical voltage-current characteristic of a dis-
charge, the single point of breakdown is especially appealing, since 
dielectric breakdown is one of the proc esses best understood in static 
. * gaseous d1scharges • Since we are interested in a region where the 
* For example, in the usual static gaseous discharge between flat 
plates, there is only one parameter (to a good approximation) that de-
termines the breakdown voltage V -- the so-called Paschen simi-
larity parameter. This is essentiSly pd , the product of the constant 
density between the electrodes and the electrode separation. Hence, 
Vb = Vb(pd) in the static case (see r e f. 7, p. 82). 
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currents are initially of order microamperes or less, there is no 
question but that there is a one-way interaction occurring. 
Accordingly, the objective of this work was the comparison of 
breakdown voltages obtained with and without motion of the gas be-
tween the electrodes. This comparison was done by studying experi-
mentally the effect of a hypersonic flow on the long-established 
Paschen breakdown characteristic, which relates the breakdown volt-
age uniquely to the product of density and inter-electrode distance. 
Preliminary tests, as well as rough analyses based on elementary 
concepts of gaseous conductioJ1, indicated the new important parame-
ters introduced by the flow. Subsequently, further experiments were 
carried out in order to ascertain the role of these parameters. 
II. 2. Description of Experiments 
II. 2. 1. Wind Tunnel Description. The experiments were con-
ducted in the GALCIT Hypersonic Wind Tunnel (Leg .1 ), which is of 
the closed return, continuously operating type. The tunnel has a nom-
inal Mach number of 5. 8, and the test section has a width of 5", a 
height of about 5 1/411 , and a 29"-long test rhombus, as shown in 
figure 1. A fixed reservoir temperature of 225°F was chosen in 
order to apply extensive flow data taken at this temperature to the 
electrode configuration (conveniently) chosen. The tunnel has an 
available range of pressure from 14. 4 to 104.4 psia, corresponding 
p = 0. 0055 to p = 0. 040 Kg/m3 • 
<X> <X> 
to free stream densities from 
At room temperatures, these densities in turn correspond to pres-
sures from P = 3. 5 to P = 25. 3 m1n Hg , which is 
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within the range of the low-density static glow discharges (pressures 
of a fraction of a mm Hg to several em Hg) studied most extensively 
(see figure 6). Hence, it is seen that the hypersonic wind tunnel is 
well suited for discharge work. A complete description of the wind 
tunnel and compressor plant is found in references 10 and 11. 
II. 2. 2. Electrode Geometry. The electrode and flat plate 
geometries used in this experiment were arrived at after prolonged 
experimentation with various configurations. The final configuration 
consisted of two circular 2-cm diameter copper electrodes t which 
were mounted in the following manner: one electrode was embedded 
in a 5" by 26" Lucite flat plate with provision for several electrode 
positions; the other was embedded in a smaller 3" by 5" Lucite flat 
plate supported by a steel beam that could be moved fore and aft to 
correspond to the lower electrode position (see figure 1 ). 
The electrodes were contoured in the "Rogowski 11 ( 2 ) fashion, 
which essentially gave them the shape of certain equipotential lines 
between flat plates with a voltage difference, and hence created a uni-
form electric field in the gap (for electrode separations no larger than 
a given value). A constant 2 em separation was used, because this 
was the maximum that could be realized before arcing to the metal 
tunnel walls became objectionable. (Also see Section III. 3. ) On the 
other hand, shock wave geometry became quite complicated for sig-
t Copper was chosen merely for convenience, since sputtering of 
electrodes was no problem here. In any case, the coating of "burnt 
oil" from the tunnel compressors and other impurities probably 
masked any identity of the electrode material. 
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nificantly smaller separations. The curvature of the electrodes 
required for a 2 em separation did not significantly 
affect the flow field for work of this nature, as was demonstrated by 
total pressure traverses with the electrodes and with flat dummy 
plugs (see figure 2). 
With the above arrangement, the effect of the shocks generated by 
the leading edges of the flat plates was small compared to the large 
density defects in the two boundary layers. Hence we have a config-
uration in which we may study the effect of large boundary-layer type 
density gradients upon breakdown voltages across a channel; as will 
be seen later, the total boundary-layer density defect is thought to be 
the most significant parameter in the present problem. Since the 
boundary layer on a flat plate at this Mach number has a thickness 
governed by the tunnel pressure and the distance from the plate lead-
ing edge( 5 ), we may cover a large range of boundary layer thicknesses 
in the channel by varying the tunnel pressure and by varying the elec-
trode positions fore and aft. 
II. 2. 3. Flow Geometry. Since the experiment has been ar-
ranged so that the interaction is one-way (flow-+ discharge), the c om-
plete flow situation is given solely by fluid-dyna mical consi deration s. 
In practice, the electrodes were designed with flat plate configura-
tions and the tunnel was operated under conditions identical to those 
prevailing when extensive fluid-dynamical measurements w e re made* ; 
therefore, assuming the leading edge shock from the upper plate is 
See references 5 and 12. 
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weak enough not to disturb the flow profiles, one may convert the 
pertinent flat-plate boundary layer profiles of references 5 and 12 to 
the present configuration. 
The density and mean free path, both free stream and wall 
values, are plotted versus tunnel pressure in figure 3. The density 
profile between the electrodes and an approximation thereto is given 
in figure 4 with certain parameters labeled. The parameter (o/dXl+x.), 
which represents the relative distance across the electrodes disturbed 
by density gradients, is then plotted versus the product of tunnel den-
sity and electrode separation in figure 5. (The reason for this will 
appear later. ) Figure 6 is a plot of free stream density versus p* , 
which is the corresponding pressure in mm Hg at room temperature; 
this quantity is useful because most static discharge data is taken at room 
temperature with pressures measured in mm Hg. 
II. 2. 4. Test Equipment. A D. C. power supply was used 
which has three filter stages and is rated at 2000 V D .. C. and 250 
rnA (see figure 7). The ripple figure at no load (corresponding to 
just before breakdown) was about 0. 2 V rms at 1000 V. The voltages 
at breakdown were automatically recorded on a Moseley Autograf 
Function Plotter. When static breakdown data we::re taken in the tun-
nel, the pressures were read on the oil manometer bank of the tunnel. 
Total pressure measurements (cf. figure 2) checking for the influence 
of the non-planar electrodes were also read from the manometer bank. 
II. 2. 5. Test Procedure. First, the procedure consisted of 
measuring breakdown voltages across the hypersonic stream at vari-
ous electrode positions and free stream densities. The copper 
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electrodes were wiped clean with acetone before each day's run and 
were then installed in the tunnel and allowed to come to a "uniform 
dirtiness" with oil from the compressors. It was found to take about 
an hour for the electrodes to settle down and give consistent voltage 
readings even after the tunnel had arrived at temperature equilibrium. 
The voltage readings at low densities went up about 5 per cent com-
pared to reasonably clean electrodes just installed in the (warm) tunnel 
This behavior points up a major unknown in the problem - the effect of 
the electrode surfaces upon breakdown; they are necessarily quite 
contaminated with impurities (such as compressor oil, and of course, 
oxides). 
Secondly, breakdown measurements were made at several static 
(no flow) densities in the wind tunnel. The same "dirty" electrodes were 
kept in the same positions in the tunnel as for the dynamic tests (with 
flow). A range of static densities was obtained by closing the inlet 
valve of the tunnel, opening the exit valve, and pumping the tunnel 
down with the compressors. The above procedure was followed in 
order to subtract out, as far as possible, the effects of electrode 
contamination and possibly wind tunnel geometry in making a com-
parison of the static and dynamic breakdown results. 
For the static case, the breakdown should follow the similarity 
law, Vb = Vb(pd). Hence, to get even lower values of the product 
pd , the plate separation was also reduced. 
II. 2. 6. Experimental Results. The breakdown voltages, Vb' 
both for the static case and the case with flow, including two electrode 
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positions, are plotted against the similarity parameter for the static 
case, pd , in figure 8. For the dynamic data (with flow), the free-
stream static density is used as the reference since it is easily found. 
Any other reference density, such as an average one between the 
electrodes, would generally be more cumbersome to compute, and 
in any case, would only shift the scale of the abscissa. It is noted 
that the static data follows the Paschen similarity, Vb = Vb(pd) , and 
we were justified in using smaller values of the electrode separation 
to get small values of pd • 
The striking result is that the dynamic breakdown data lies 
considerably below the static data. Of the two major expected causes 
of differences between static and dynamic data, presumably the ef-
fect of the velocity field would tend to raise the breakdown v oltages, 
and the density defects in the boundary layers would tend to lower 
them. Since the experimental voltages are significantly lowered, we 
suspect that the velocity effect is smaller than the density effect. 
In general, it is seen that one obtains lower breakdown volt-
ages the further aft one goes on the flat plate because of increased 
boundary layer thicknesses. At this point, however, a new trend ap-
pears. There is a definite difference of breakdown voltages with a 
polarity reversal of the electrodes across the non-symmetrical 
boundary layers. We conclude that it is not just the total density de-
fect that affects breakdown, but also the way it is distributed. 
In order to establish experimentally the explicit effect of the 
velocity of the stream upon breakdown, the electrodes were progres-
sively modified in order to obtain increasingly smaller values of the 
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ratio of electrode streamwise length w to electrode separation d 
( = 2 em and held constant). [See the sketch on figures 9, 10. ] This 
reduction in w/d presumably will tend to increase the breakdown 
voltages and emphasize the velocity effect. The shape of the elec-
trades was retained in order to maintain the same electric field, but 
their exposed streamwise length was progressively decreased using 
insulating cement. This procedure gave the electrodes more and 
more of an elongated shape transverse to the free stream (plan view). 
The results are plotted in figures 9 and 10. The trend is 
readily apparent de spite the scatter. It appears that at the previously 
used gap- to-length ratio of unity, the velocity of the stream has a 
quite small effect upon breakdown compared to the density defects. 
II. 3 . Theoretical Considerations 
II. 3 . 1. Velocity Effects. Consider the effect that the velocity 
of the stream might have upon the discharge. For the reasons given 
in the introduction, attention is primarily focused upon the positive 
ions. 
Exami.ning the problem from a naive point of view, imagine a 
single neutral molecule flowing parallel to the electrodes with ave-
locity U 
co 
Assume the molecule is then ionized by a fast electron, 
becoming a singly-charged positive ion. This ion will retain its 
parallel velocity component U , but in a very short time will at-
co 
tain an additional transverse average drift velocity of v, , because of lt 
the electric field transverse to the stream velocity. The subsequent 
directed motion will be the vector sum of these two velocities (see 
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sketch). Very crudely, one might expect velocity effects to become 
very important where U /v.t is of order w/d or larger, because 
00 1 
then a significant portion of the positive ions would simply not reach 
the cathode and the avalanche process would not occur. 
f Ion 
d -
~ 
(c"athod~ 
Positive ion velocity data <6 ) for air indicate that for typical 
conditions under which the experiments were carried out, vit is of 
* the order of 2000 m/ sec. Alternately, the strong field approxima-
tion to the ion velocity vit which may be used as a lower limit is 
given(Z) by: 
where 
EeA.. i 
1n ) 
m. 
1 
~( 
EeA. i 
nn) 
m 
A. ~ A. = neutral mean free path, 1n nn 
m. ~m = mass of molecule. 
1 
( 1) 
* In the static case at room temperature, ion drift velocities are usu-
ally plotted versus a parameter E/P. In the general case, we want a 
quantity that is proportional to the average energy picked up in a mean 
free path. This is EA. or E/ p (for constant T this E/P ). Thus, 
in order to use static data, the pressure at room temperature must 
be converted to density units or vice-versa. (See figure 6. ) 
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For E = 105 V /m e = 1. 60 X lo- 19 coul, 
(t . 1 al ) m = 48 X 10- 27 Kg yp1ca v ue , 
1. 6 0 \~ X 1 0 7 ) ~ = 1 0 0 0 m I s • 
A. =3Xl0-6 m 
nn 
This value is consistent with the values taken from experiment, and 
thus vit appears to be of the same order as U ( = 800 m/ s ). (X) 
These two estimates of positive ion velocity were based upon 
free stream conditions. The effects of non-uniformities in the flow, 
such as the thick, low-velocity - low-density boundary layers., will 
all be such as to increase the ratio of transverse drift velocity to 
fre.e stream velocity. 
In summing up, for electrodes for which the ratio of length w 
to separation distance d is of order unity or greater., the positive 
ions can easily make their way across the gap, and the explicit effect 
of the stream velocity may very well be small compared to the effects 
of the large density gradients in the gap. 
This conclusion leaves unexplained the surprising experimental 
fact that the velocity effect is small compared to the density effect for 
much smaller ratios of (w /d) than one might have reason to expect 
from a simple "hit or miss" argument involving the positive ions and 
the cathode. For, referring to the previous sketch, if breakdown can 
occur at the limit U /v.t ~ w/d, where U and d are fixed and (X) 1 (X) 
n n 
the pressure (density) is constant, and we take vit,....., E ,....., Vb • where 
n < 1 , we have Vb,....., ( 1 /w) 1 /n • This estimated Vb becomes quite 
large at small w , contrary to the experimental results. 
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n. 3. 2. Density Gradient Effects. 
In order now to examine the density gradient effects, con-
sider two flat-plate Rogowski electrodes across a gas of arbitrary 
density profile p = p(y) with a potential difference V = Ed between 
them (see sketch). 
+V 
Anode 
d 
y p(y) 
Assume an electron is emitted from the cathode. This elec-
tron will accelerate toward the anode, ionizing the gas and releasing 
other electrons which are themselves free to accelerate in the elec-
tric field and thus also ionize the gas. If n(y) is the number of elec-
trons at a certain y , we have a number of ionizations 
dn = n a. dy , (2) 
where 
a. = 
number of ion pairs formed 
electron-meter in direction of E 
Hence, with nA electrons arriving at the anode per electron 
emitted at the cathode. 
nA d 
I dn fa. dy = I n 
1 0 
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d 
-!-n(nA) = fa. dy t 
0 
and d 
I a. dy 
0 (3) nA = e 
These electrons cause (n A -1) positive ions to impinge on the cath-
ode (assuming single ionizations -- no recombination): 
number of positive ions impinging on cathode = 
d 
Ja. dy 
0 
e - 1 • (4) 
Breakdown is said to occur when the ions, as given by (4), 
act to replenish the original electron which left the cathode through 
some physical mechanism. For the purposes of this argument, this 
mechanism is taken to be secondary emission due to positive ions ar-
riving at the cathode. (See complete discussion in Loeb, ref. 4. ) 
Thus, we arrive at a modification of the well-known Townsend break-
down criterion: d I a. dy 
0 y (e - 1 ) = 1 (5) 
where y is the number of electrons emitted at the 
cathode per incident ion. 
Using the Townsend approximation for a. (see Appendix A) of 
- Bp(y)d/Vb 
a. = Ap(y) e (6) 
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where Vb is the voltage at breakdown = Ed, the condition for break-
down becomes: 
d 
I -Bp(y)d/Vb Ap(y) e dy 
0 
'I (e - 1 ) = 1 • 
Solving for the integral, 
d 
or 
e 
d I a. dy = 
0 
J a. dy 
0 = '{+1 
" 
d 
I -Bp(y)/Vb Ap(y) e dy = 
0 
tn ( '{+ 1 ) 
" 
(7) 
(8) 
At this point, we need to know the function p = p(y) • The profile 
given in figure 4 has several free parameters (i.e •• o/d. X, A' T1) 
and can be adjusted to give a reasonable approximation to certain 
boundary-layer type flows such as the ones in the experiments. 
The integral may now be evaluated and solved for a parameter 
combination which essentially represents the relative distance across 
the gap that is disturbed by density defects (see Appendix B). The 
result is: 
( ~ )( 1 + x} = 
where 
tn ( '{+ 1 ) 
A(p it) 
00 
'i' - e -C 
- e 
-C 
(9) 
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-AC e -CM [ 1 -CNn 1 -CN J 
'±' = '1'1 A e + CN ( M + N'l'l + C )e - (M + N + C )e , 
and 
In the limiting case of uniform density, (6/d)(l + K) = 0, and 
the numerator of the RHS must be zero. This result may be put in 
the form of the usual static breakdown, Vb = Vb(pd) (see reference 
1 ). Written out, this is 
( 10) 
tn [:tn{'y+l)/-y] +tn(pd) 
For air (see Appendix A), 
5 2 A = 9. 3 X 10 m /Kg , 
7 2 B = 2. 3 23 X 10 V m /Kg 
Given a value of 'Y , we may plot this static curve. Now, 'Y is tabu-
lated for various electrode materials ( 2 ), but this data does not apply 
to the electrodes used in the present experiments: they are quite con-
taminated, and 'Y is known to vary greatly with the condition of the 
electrode surface(4 ). However, 'Y can be estimated by curve-fitting 
equation 10 to the breakdown results already obtained in the static 
case. (See 11 Theoretical" curve and static data on figure 8. ) This 
procedure resulted in a 'Y ~ 0. 001 , while Cobine( 2 ) lists 'Y = 0. 025 
for pure outgassed copper. 
Having this estimate of 'Y , and using A = 0. 17 , '1'1 = 0. 525 , 
M = - 0. 747, and N = 1. 747 to curve-fit the boundary-layer density 
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defect, we may now proceed to compare the theoretical curves with 
the experimental data. 
The equation for dynamic breakdown may be plotted as 
{6/d)(l + x.) versus pcod for various values of Vb {see figure 11). 
Cross-plotting then gives Vb = Vb{pcod) for various values of 
(6/d)(l + x.) (see figure 12). To compare this result with experiment, 
plots are now needed of {6/d)(l + x.) versus p d for the experiment, 
co 
since in the tunnel {6/d)(l+x.) changes with p d. For various 
co 
distances of the lower electrode from the leading edge, this parame-
ter has already been obtained from J. Kendall's work {5 ) and has 
been plotted in figure 5. We may now draw traces of {6/d){l +x.) 
versus p d for various electrode positions on the other theoretical 
co 
curves (figure 12). These, finally, are the proper 11theoretical 11 
curves to be compared to the experimental breakdown data. 
II. 4. Comparison of Theory with Experiment 
Comparing the static data in figure 8 with the static curve 
{o/d){l +x.) = 0 in figure 12 (also recorded on figure 8), it is seen 
that the slope of the latter is slightly greater, which may well be at-
tributed to the fact that the electrodes used do not approxima.te infi-
nite planes very well, and actually tend to look more like the ends of 
rounded rods separated by a gap. 
We see that the rough theoretical consideration of the density 
defect can account for a great deal of the difference between static 
and dynamic breakdown. This observation helps substantiate the 
previously noted experimental result that the indirect effects of the 
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high velocity (the large density gradients) cause considerably greater 
departure from the static breakdown characteristic than the velocity 
its elf. 
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III. SUB-NORMAL GLOW CURRENTS 
III. 1. Approach and Objectives 
A typical static discharge characteristic is given in figure 13 
(see reference 3 ). In Section II, the measurement of the breakdown 
voltage Vb as a function of pd was described, where the discharge 
became self-sustaining, with current limited by the external circuit 
resistance. In addition to breakdown, the sub-normal and normal 
regimes of the flow discharge also hold promise of yielding useful 
information about various flow effects on the discharge {density de-
fects, velocity effects) while still maintaining one-way interaction. 
In the sub-normal glow regime following breakdown, the 
voltage falls with increasing current because of space charge effects. 
A positive ion sheath forms at the cathode, thus causing most of the 
potential drop across the discharge to occur in a region called the 
cathode fall region{l 3 ). These large induced electric fields relieve 
the need for a large applied field, and so the overall discharge volt-
age decreases. As the current increases, the cathode fall decreases 
until it reaches a constant value. The current density at the cathode 
then remains constant with the area of the cathode covered by the 
discharge being proportional to the total current, i.e,, the cathode 
area participating in the discharge increases as the overall current 
increases. {See "The Glow Discharge at Low Pressure by Gordon 
Francis [ reference 3] for a complete discussion.) 
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Hence, if the currents are sufficiently small after breakdown 
into the sub-normal glow-discharge regime, the electric field may 
not yet be grossly distorted. If it is possible to make measurements 
of the discharge characteristics in this range of currents, the possi-
bility exists of estimating the role of the stream velocity on break-
down and the low-current discharges. 
One of the first things to examine is to what degree the free 
stream velocity acts differently upon the positive ions and the elec-
trons, in the sense of imparting to the electrons and ions different 
mean streamwise velocities. We might expect a difference due to 
several things. First, the collision cross section of the free stream 
neutral particles with the positive ions is up to an order of magnitude 
gre~ter than the collision eros s section of the free stream neutral 
particles and the electrons( 2 ). (The classical result is S . ~ 4./2 S • ) 
n1 ne 
A second difference is that the electron, being much less massive than 
the positive ion will be imparted a higher velocity when contacted by a 
neutral. (Classically, for a one-dimensional elastic collision of a 
particle of mass m 2 by a particle of mass m 1 and velocity v 1 , the 
velocity of the m 2 particle after collision is given by 
v 2 = 2m1 v 1 /m1 + m 2 (see reference 2). Since m 1 ~ m 2 for positive 
ions and m 1 +m 2 ~ m 1 for electrons, the above result follows.) A 
third difference, however, and one that overwhelms the other two, is 
that the positive ions remain in the discharge region much longer than 
the electrons and are subjected to the force of the free stream for a 
much longer time than the electrons because of their much smaller mo-
bility and thus much larger transit time .6-T between the electrodes. 
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Therefore, the total impulse F.6. T upon the ions is much larger than 
that on the electrons because .6. T is much greater, and not so much 
because of the differences in forces in the two types of collisions. 
Granted that there is a significant diffe renee in the effect of 
the free stream upon the electrons and ions, what is the result of 
this? >:C In the absence of streamwise electric fields, the character-
istic particle paths of the ions compared to the electrons should be 
such that m·::>re ions than electrons would simply miss the appropri-
ate electrode and so a net number of positive charges would be swept 
out of the discharge region. This effect would appear as a net dif-
ference between anode and cathode currents. With streamwise in-
duced electric fields considered, however, one expects that such 
charge separation will be hindered, resulting in a "dipole" type of 
discharge with a net number of electrons more likely to be found on 
the upstream side and positive ions on the downstream side of the dis-
charge (see A. C. Pipkin1s paper, reference 14). Both of the above 
effects are present in varying degrees; that is, there is a tendency for 
the charges to separate due to aerodynamic forces that are opposed by 
the streamwise electric field created according to Poisson 1 s equation. 
To look for these effects experimentally, several things may 
be done. Measurements of anode and cathode currents along with 
Kirchhoff 1s Law will tell us whether a net current is leaving the dis-
charge. In addition, as in the breakdown case (see Section II. 2. 6), 
the streamwise electrode dimension w can be decreased and the 
* Streamwise electric fields cannot be large (of the same order of the 
applied field) if the charged particle density is very small. 
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effect studied on the anode and cathode currents and on the overall 
level of the voltage-current characteristics. (If the polarization of 
the discharge is appreciable, then this reduction of w should, in 
extreme cases, interrupt the discharge.) The overall voltage level 
should be checked, because of the pbs sibility of decreased discharge 
efficiency even if the electrode currents prove equal by reason of the 
particles leaving in pairs. In other words, some of the energy ob-
tained by the electrons from the applied field is wasted if after an 
ionizing collision some positive ions are swept out of the discharge 
region and take an equal number of electrons with them because of 
their mutual attraction. These "pair" losses may have the same ef-
fect as an increase in the recombination rate insofar as the discharge 
is concerned, because ionized particles are similarly removed from 
the discharge in pairs. It might be expected, then, that an increased 
voltage level would be necessary to maintain a given current level in 
the discharge under the above conditions if a parameter (such as elec-
trode width) is varied. 
III. 2. Description of Experiments 
III. 2. 1. Electrode and Flow Geometry. The electrodes and 
flat plate supports used are the identical ones described in II. 2. 2, with 
the lower electrode fixed at the 17 11 position. Thus, the flow field is 
identical, and the inform3.tion for the 17 11 electrode position in II. 2. 3 
is unchanged. This should be a reasonable configuration for this work 
also, since at high pressures only about 30 per cent of the gas is dis-
turbed by the boundary layers (refer to figure 5, the 17 11 curve). 
Hence, a large portion of the dynamic impact of the free stream is 
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felt across the discharge. 
III. 2. 2. Stability Considerations. Since the sub-normal glow 
regime is characterized by a falling voltage with increase of current 
(like a negative resistance), there is no stable operating point on this 
curve using a supply that looks like a voltage source (low internal im-
pedance compared to load impedance). To have a stable operatingpoint 
on the voltage-current characteristic, we must make the power supply 
look more like a current source by means of large ballast resistors in 
series with the discharge (i.e., the power supply characteristic should 
cross the discharge characteristic in the manner shown in figure 13). 
The criterion for stability may be stated as dV/di+ R > 0 where dV/di 
is the slope of the discharge characteristic at the point of intersection 
with the power supply characteristic {taken to be a pure voltage source 
in series with pure resistance R). That is, if the slope of the dis-
charge V-I characteristic may be considered a "resistance", the net 
circuit resistance must be positive for stable operation (see discussion 
in reference 2). This condition is sometimes known as K~ufma.nn 1 s 
stability criterion. 
Hence, the discharge will be started in the glow regime and 
then the current reduced and the ballast resistance increased as nec-
essary until the V-I characteristic shows that operation in the sub-
normal glow regime is achieved. 
III. 2. 3. Test Equipment. The experimental arrangement used 
is given in figure 14. The battery power supply was left completely 
''floating'' with respect to the wind tunnel metal walls. (The effects of 
using a power supply held at a fixed potential with respect to the tunnel 
walls will be discussed later.) Fifty small 45V batteries were used as 
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voltage steps with six larger batteries being used for continuous adjust-
ment between the steps. The total ballast resistance necessary to 
achieve the desired currents varied from 600 to 1100 MO. Two large 
lO~A movement meters were used to measure anode and cathode cur-
rents. 
III. 2. 4. Test Procedure. In order to maintain equilibrium, 
the discharge remained on during a complete day of testing. Supply 
voltage, V s , and cathode currents IC were read at 0. 1 ~A increments 
of anode current IA at every 5 psi increment in the wind tunnel. Then 
Discharge Voltage V = Vs-RIA-100IC volts {IA' IC in ~A), where 
R = 500 or 1000. 
For comparison purposes, this experiment was repeated in a 
bell-jar using the electrodes with the same degree of contamination 
they attained in the wind tunnel. Subsequently, the exposed area of the 
electrodes was narrowed with insulating cement to the shape given in 
figure 18. Both wind tunnel and bell-jar data w ere repeated for this 
configuration. 
III. 3. Results and Discussion 
The first result is that,at least to the degree of a c curacy in-
herent in the meters {about 5 per cent maximum), there is no difference 
between anode current IA and cathode current IC for the complete 
range of conditions as represented in figure 15 {full-size electrodes 
used). This result implies that if a positive ion is blown out of the dis-
charge region, it takes an electron with it and thus maintains charge 
neutrality, and/or tha t there is some mechanism allowing the positive 
ions to resist the bulk motion of the high-speed gas and rema in in the 
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discharge area. One of the above possibilities should hold, since from 
simple mobility and geometry considerations, a substantial number of 
the positive ions are deflected by the stream sufficiently to miss the 
cathode (see discussion in Section II. 3 ). 
As a consequence, the current plotted in figures 15 and 18 is 
just the discharge current. In figure 15, the low current data was lim-
ited at the higher densities by the increasing curvature of the discharge 
characteristics compared to those at lower densities, thus causing the 
operating point to become unstable. At the higher currents, the data 
range was limited by the total power supply voltage available, since 
the voltage drop across the ballast resistance begins to become quite 
large (around 1500 volts), being proportional to discharge current. 
The "Large Electrodes" curves on figure 16 are a cross-plot of some 
of the data in figure 15 showing the density {pressure) variation ex-
plicitly for constant current operation. 
The fact that the anode and cathode currents were the same may 
not be a "result" of the experiments because of the floating power sup-
ply. In figure 17, the cathode was held at 0, -300, and -940 volts with 
respect to the tunnel,and the cathode currents were considerably small .. 
er than the anode currents at the higher pressures. However, at least 
a significant portion of the current defect was a result of concentrated 
current paths that were formed between the walls and the electrodes, 
i.e., was not only a result of positive ion current lost downstream. 
These concentrated stray currents formed because of the proximity of 
the tunnel walls and their fixed potential. It is true that the walls are 
over 10 em distant from the discharge, but since the boundary layers 
over the electrodes approach the tunnel walls, an alternate current path 
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between the m .etal walls and the electrodes may form in the very low 
density regions of the boundary layers (the density at the surface is 
about one-sixth of its free stream value). Hence, the effect of the 
stray electric fields produced by the tunnel is multiplied in importance 
since EA. or E/ p is really the important parameter (see the footnote 
in Section II. 3. 1 ). 
On the other hand, with a floating power supply, if a current 
path should form with the wall, the charge carried would float the pow-
er supply with respect to the tunnel so as to decrease the stray electric 
fields. That is, the electrodes automatically are kept at such a poten-
tial with respect to the tunnel walls so as to minimize the tunnel's par-
ticipation in the discharge. Unfortunately, a positive ion current leav-
ing the discharge region also represents a net current between the 
discharge circuit and the tunnel since electrons for the ions' neutrali-
zation must eventually come from the tunnel. The result of this is that 
if ions are blown out of the discharge region initially, the electrode cir-
cuit will float more and more negative with respect to the tunnel walls 
until perhaps an "ion potential well" is formed in the discharge region 
of sufficient magnitude to overwhelm the flow velocity and equalize the 
electrode currents. 
At this point, the qualitative appearance of the discharge (which 
was very faintly visible) deserves comment. At the lowest densities 
and highest currents, the visible discharge covered a significant por-
tion of the electrodes, but as the density increased and current de-
creased, the electrode area covered by glow shrank and moved up-
stream. Furthermore, there was no particular visible effect of the 
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flow upon the discharge except through the changes of luminosity due 
to density effects (i.e., no visible sweeping or bending of the discharge 
downstream). 
By examination of figure 15, the only portion of the curves that 
could allow an electric field without transverse space charge distortion 
is the portion at the lower currents, corresponding to the sub-normal 
glow discharge region where the V-I characteristics are beginning to 
rise to the breakdown values. This is in the 10-7 ampere region, as 
is evident from Poisson's equation in Appendix C. We emphasize the 
region where large electric field distortion has not set in so that we 
can have roughly the same electric fields that govern breakdown in 
order that results of this section may be applied to that problem. 
The question arises as to whether the additional electrode area 
available over the effective visible area occupied by the glow is con-
tributing to the experimental results. To examine this point, the elec-
trodes were made an order of magnitude smaller in exposed stream-
wise length-- from 2 em to 0. 2 em in the configuration of figure 18, 
and the measurements were concentrated on the higher densities and 
-7 10 ampere region., where the effects should be most pronounced. 
The change of geometry was proven to have no effect upon the static 
discharge at the same general operating level by comparing the V-I 
characteristics of each geome try (see figure 19). (This m e ans that 
the smaller electrode configuration still served as "infinite" electrodes 
so B.r as the static discharge was concerned. ) In order to maintain a 
stable discharge, it was found necessary to use 1100 megohms total 
resistance in place of the 600 megohms. The results of the dynamic 
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experiments are plotted in figure 18, and this is cross-plotted on fig-
ure 16 ("Small Electrodes"). The anode and cathode currents re-
mained identical (at least to within 5 per cent) over the range tested, 
but a much larger (factor of 2) voltage was needed compared to the 
"Large Electrodes" curves on figures 15 and 16. It is difficult to ex-
plain this magnitude of voltage difference between the two cases solely 
by means of an "ion potential well". An alternative is that a significant 
number of positive ion - electron pairs are now being blown out of the 
discharge, thus decreasing its "efficiency" with the result that a much 
* larger voltage is now needed to maintain a given current. 
In general, the mechanism., at work in this section are largely 
unclarified. However, despite the problems involving the metal tun-
nel and floating supply, there can be no doubt that a strong interaction 
of the discharge with the flow has been observed. 
See Section V. 2. Suggested Experiments, under Part V. Sug-
gestions for Further Study. 
>:< 
The possibility that fewer ion-electron pairs are produced by the 
smaller electrodes is contradicted by the comparison of the static 
data with the smaller and larger electrodes. 
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IV. NORMAL GLOW CURRENTS 
IV. l. Approach and Objectives 
Having discussed the breakdown problem and sub-normal 
glow currents, we turn now to the microampere to milliampere cur-
rent levels found in the normal glow regime (see figure 13 ). At this 
point, the electric field is distorted, the potential "drop" has assumed 
a large value close to the cathode, and the current increases at con-
stant voltage. Hence, the transverse electric field should be quite 
small across a long ("positive") column where the discharge meets 
the free stream exactly as in the static discharges (electric fields in 
static discharges in the positive column are approximately a few 
volts/ em). In this case then, the possibility exists that the discharge 
is much less "rigid" and will tend to yield more to the free stream. 
With smaller electric fields, the transit times (.6. 'T') of the 
ions and electrons will be greater and there will be more time for 
the flow to act on the discharge particles and give them a correspond-
ingly larger impulse F.6.'T' (assuming the transverse forces F due to 
the air stream remain about the same). 
Since the currents used in this part of the work were much 
higher than before, we have to calculate the maximum discharge cur-
rent density that can be used without violating the condition that we 
have a one-way interaction of the flow upon the discharge. 
Eventually, we reach a point where the Joule heating of the stream 
by the discharge is sufficient to change the parameters (e. g., density 
and velocity) of the stream significantly and to destroy the one-way 
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relationship. To check this point, we will compare the kinetic energy 
density of the free stream iP u 2 (Joules/m3 ) where p is the 
00 00 00 
free stream density (Kg/m3 ), and U is the free stream velocity 
00 
(m/ s ), with the Joule heat produced by the discharge JE (Joules /m 3 s ), 
where J is the current density (A/m 2 ), and E is the electric field 
strength (V/m), in the time that a free stream molecule travels the 
streamwise length of the electrode area w /U (s) . 
00 
or 
Hence this condition becomes 
JE(w/U )/-}p u 2 < o. 05 
00 00 00 
3 J < 0. 025 p U /wE . 
00 00 
(say) , ( 11) 
From the higher current values obtained in the low-intensity 
glow discharge experiments, we may estimate the quantities in the 
RHS as follows for three stagnation pres sure levels, taken to be 20 
psig, 50 psig, and 80 psig: 
Quantity 20 psig 50 psig 80 psig 
3 
o. 0125 0.036 Poo (Kg/m ) 0.0245 
u (m/s) 800 800 800 
00 
w (m) 0.01 0.01 0. 01 
E (V/m) 17,500 22,500 30,000 
0.025p u3 
(A/m 2 ) 00 00 915 1390 1540 
wE 
2 Hence, say~ J < 1000 A/m , or 
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2 JE(w /U ) <X> J < 100 mA/cm for < o. 05 • ( 12) 
We now check the change in the free stream parameters rele-
vant to the discharge (i.e., density and velocity) for this value of J. 
To do this roughly, we use the differential form of the one-dimensional 
inviscid relations for a thermally and calorically perfect gas: 
where 
d(pU) = 0 
p Ud U = - dP 
c d T + Ud U = dq p 
dP = ~ + dT 
P P T 
q = (13) 
is the heat added per unit mass and is considered very small com-
pared to u 2 /2. 
<X> 
These equations may be solved for dU/U, giving 
dU 
u = dq ( 1 c;'i' 1 - Mz 
where M is the Mach number. 
( 14) 
For M >> 1 and the ratio of specific heats = l. 4 (for air) 
we have 
~ - 0. 2 Q ( 15) 
and 
where Q = 
and 
/
1 3 EJw 2P U 00 00 
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~ 0. 2 Q 
is the non-dimensional heat added. 
Q = EJw o. 05 , 
u - u 00 2 
u 
00 
= 
~ o. 01 
~ 0. 01 
{16) 
For 
{ 17) 
( 18) 
{ 19) 
2 Hence, if we operate with current densities less than 100 rnA/em , 
the parameter Q = EJw/-~p u3 will be less than 0. 05 , the density 
00 00 
and velocity changes in the free stream will be less than a per c ent 
or so, and essentially a one-way interaction will occur between the 
free stream and the discharge. 
Knowing the current density limitations, it remains to pick 
the type of experiments that will yield useful results. First, obvi-
ously, we can make total current measurements at each electrode 
similarly to the sub-normal case.. However, in addition, we have the 
possibility of measuring current distributions by use of segmented 
electrodes, now that currents are high enough and the discharge area 
large enough. Hence, we may compare current distributions i n a 
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static discharge with the current distributions in the presence of the 
free stream at~ say, given external current levels and discharge 
densities. 
IV. 2. Description of Experiments 
IV. 2. l. Electrode and Flow Geometry. In order to measure 
current distributions over the electrodes, the electrodes were seg-
mented as shown in figures 20 and 21. Eachelectrodeproperwas made 
of five copper segments 1/16 11 thick in a 'Rogowski ,( 2 ) shape as seen 
from the stream direction with the edges rounded. These electrodes 
were spaced 1/32 11 apart and insulated from each other with Micarta 
spacers. To prevent high-electric-field end effects, half-Rogowski 
electrodes, suitably rounded in the same manner as the segments, 
were likewise positioned at each end. This arrangement was mounted 
in lucite flat plates of the shape shown in figure 20 with suitable sup-
ports. Insulating cement was used around the electrodes to cover 
the end pieces completely and leave a portion 1 X 0. 1 em exposed 
of each electrode. Hence, an active electrode streamwise length of 
about 1. 1 em resulted with a total active discharge region area of 
2 2 
about 1. 1 em and an area of 0. 55 em at the electrodes proper. The 
electrode leads were then attached from below the flat plates and led 
out through the supports. The separation was maintained at 2 em for 
all of the tests (see figure 21 ). The flat plate geometry was chosen 
so as to have reasonably thin boundary layers and to cause a mini-
mum disturbance of the stream at this separation (see figure 30). 
For purposes of rough calculation, the disturbances of the stream 
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across the gap (e. g., shock waves) can thus be ignored and any as-
sessment of the gross effects of the stream velocity upon the discharge 
will be made using free stream values of velocity and density. 
IV. 2. 2. Test Equipment. The test equipment and circuit 
used are shown schematically in figure 21. A fully-floating voltage 
source of stepped batteries was used as a power supply (see Section III). A 
Simpson 260 meter was calibrated to read the voltage of the batteries, 
draining a maximum of 50 ~-tA in the process, and the discharge volt-
age was calculated using the total current and known ballast resistors. 
A choice of ballast resistors was mounted on a pinboard as was th~ 
switching arrangement for the electrode segments. A Simpson 269 
meter was used to read total currents, while a Keithley model 600A 
fully-floating battery-powered electrometer was used to read the seg-
ment currents. For convenience, the current scales were employed, and 
these caused a change in potential of at most 0. 01 volt (full scale) in 
the electrode being measured compared to the others. The current 
was measured by pinning the electrometer across the closed switch to 
the appropriate electrode, opening the switch to sample the current, 
closing the switch, changing the electrometer to another electrode, 
etc. This process does not disturb the discharge. 
A bell-jar, pressure pump, and Wallace-Tiernan gauge (0. 1 
to 20 mm Hg) were used in the static tests (see figure 22). 
IV. 2. 3. Static Tests. In order to check the electrode geom-
etry and to offer a comparison with wind tunnel tests, extensive tests 
were made in a bell-jar (see figure 22). The static pressures that 
correspond to low wind tunnel densities across the electrodes lie in 
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the 2 -· to 8-mm Hg range of bell-jar pressure. Thisfactwasverifiedby 
the correspondence (between static and dynamic tests) of the voltage 
levels at equal currents in the high sub-normal glow regime. Ac-
cordingly, measurements were made at static densities of 2, 4, and 
8 mm Hg with total currents covering five orders of magnitude from 
-7 -2 10 amperes to 10 amperes, all well within our established one-
way interaction criterion of J < 100 mA/cm2 • 
First, voltage-total current measurements were made over 
the complete ranges noted above. Secondly, current distribution 
measurements at both anode and cathode were made at decade curren t 
intervals. Thirdly, anode no. 1 (the first anode segment from an up-
stream direction) was operated and the current distribution at several 
total current levels was read at the cathode. The process was re-
versed, and anode distributions were recorded with cathode segment 
no. 1 activated. 
IV. 2. 4. Results and Discussion of Static Tests. The voltage-
total current data were plotted in figure 23. At the low currents, the 
discharge voltage is coming down from the breakdown value, being 
controlled and ma.de stable by the large, 1000 MO ballast resistor. 
-6 At a current level of about 10 amperes, we identify the sub-normal 
to normal glow transition by the flattening of the voltage curves. In 
this region, the faint glow was very uniform and increased in inte nsity 
-4 
up to about 10 amperes, after which it became non-un iform and 
tended to concentrate on just one or two electrode segments (see cur-
rent distributions in figure 23). After reaching new minimums around 
10- 3 amperes, the voltage began increasing, and a t 10 - 2 a mperes the 
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glow had become noticeably uniform again. The rather unusual two 
modes in the normal glow regime must be attributed in some manner 
to the electrode geometry. Therefore, we confine our attention to the 
first mode with its remarkably uniform properties covering two 
orders of m"l.gnitude in current from l1-1A to 1001-!A. 
Several anode and cathode current distributions were taken at 
each pressure and total currents of 1, 10, and 100~. These are 
plotted in figures 24 and 26. It was not possible to take data consist-
ently at 8 mm Hg because of minor instabilities, but the appearance 
of the glow was very uniform and qualitatively very similar to the glow 
at 2 and 4 mn1 Hg for each of the three currents. 
To find out the sensitivity of the glow to changes in conditions 
at one electrode, static runs were made with just the number one seg-
ment of one electrode operated, with the distribution read at the otheras 
shown in figures 25 and 27. This experiment demonstrated a rather 
pronounced insensitivity of the cathode current distribution to the 
anode position or size. The anode, however, was very sensitive to 
the cathode position or size. Accordingly, an attempt was made in 
the dynamic case using the number one segment (upstream) of the 
cathode to see if the flow shifts the static-type anode distribution. 
All of the curves mentioned above show considerable repro-
ducibility for the particular pair of electrodes constructed, although 
they would be different for another pair. 
IV. 2. 5. Dynamic Tests. After the completion of the bell-jar 
tests, the electrodes were mounted in the wind tunnel in the manner 
shown in figures 28 and 29. The flow patterns (Schlieren) are given 
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in figure 30 for four pressures. 
In order to check the voltage-current characteristics found 
m the static tests from 1 to 100 1-1A (see figure 23), the discharge 
voltage and anode and cathode currents were measured over this range 
for tunnel pressures of 0, 20, 40, and 60 psig. As in the sub-normal 
glow tests, the total anode and cathode currents were sensibly the 
same, certainly being within 5 per cent of one another for all elec-
trode combinations. Furthermore, as in the static tests, the V-I 
characteristics were very uniform (see figure 31 ). 
Having identified the same working range in the static and dy-
namic tests, the same measurements that were done in the static 
case were carried out in order to see what, if any, variation exists 
between the two cases. Accordingly, current distributions were made 
with all of the electrode segments functioning at various tunnel pres-
sures and current levels (see figures 32, 34, 36, 38). (For the con-
version from free-stream pressure or density to bell-jar pressure, 
see figure 6.) Again, as in the static case, the number one segment 
of one electrode was switched on by itself and the current distribution 
read at the other for various currents and pressures (see figures 33, 
35, 37, 39). 
During these tests, it was found that the current distribution 
corresponded to what one would expect qualitatively from the appear-
ance of the emitted visible light. Hence, several different combina-
tions of electrodes were tried at 0 psig and I = l1-1A ; the voltage 
change for a constant 11-LA current was noted and the glow sketched, 
giving an interesting visual indication of the current paths and their 
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relationship to electrode position (see figure 40). 
IV. 3. Results and Discussion 
Comparing the dynamic and static voltage - total current 
curves over the range 1 to 1001-!A (figures 23, 21), we see that they 
are similar (both sets are flat), but that the voltage variation with 
pressure is considerably smaller in the dynamic case than in the 
static case. (From figure 6, the density correspondence of the free-
stream total pressure and bell-jar pressure is 0 psig => 3. 5 mm Hg, 
20 psig => 8. 3 mm Hg, 40 psig => 13 mm Hg, 60 psig => 17. 8 mm 
Hg. ) Furthermore, the voltage curves go through a minimum in the 
0 - 20 - 40 psig range. The data taken at 0 psig and 20 psig in the 
wind tunnel may be properly compared with the static data taken, and 
the other pressures used to attempt to find qualitative trends with 
pressure (density). 
Comparing figures 24 and 26 with figures 32 and 34, we find 
an unmistakable flow effect, with the current paths tending to be 
"blown" to the rear of the electrode area, increasing smoothly on the 
cathode, and concentrating mainly on segment 5 of the anode. To 
check the tendency of the glow to be swept downstream, the number 
one anode and cathode segments were operated in turn, and the cur-
rent distribution read at the cathode and anode respectively. As in 
the static case, the cathode current distribution did not change sig-
nificantly with anode choice,as can be seen by comparing figures 32 
and 34 with figures 33 and 35. However, the static distribution at the 
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anode with cathode segment number one operating, given in figures 
25 and 27, is changed considerably by the influence of the flow, with 
the maximum current moving downstream compared to the static case 
and the discharge being inclined at an angle with the vertical. Oper-
ating only the second cathode segment essentially shifted the anode 
pattern down one segment. Interestingly, the "discharge angle" is 
of the same order of magnitude that one would derive from an esti-
mate of ion velocities in conjunction with the free stream velocity 
(see Section II. 3 ). If we accept the assumption that the free stream 
acts directly on the ions to a much greater extent than it does directly 
on the electrons, then a possible explanation for this downstream in-
clination is the following: the ions that are formed in the body of the 
discharge tend to be swept downstream and their electric fields tend 
to deflect the electrons downstream from their "straight line" travel 
across the discharge (i.e., from anode number one to cathode num-
ber one). Even if this is the case, a problem of what happens to the 
positive ions remains in view of the fact that little, if any, net cur-
rent leaves the discharge (IA r::::: IC). A consistent explanation, at 
least, is that those positive ions that are not pulled to the cathode by 
an electric field (see the "ion potential well'' argument in Section 
III. 3) take electrons from the deflected swarm with them as they 
leave the discharge by means of their electric fields. The net result 
is that there is a lack of electrons at the anode per unit time pre-
vented from impinging on the cathode by the free stream. Externally, 
this would appear as an efficiency effect and increase the voltage 
necessary for a given current with flow over the static case; the 
-44-
voltages are significantly higher, at least at the low densities. 
At the higher pressures (densities) and higher currents, this 
downstream angle seemed to decrease, with the current turning up 
mainly at the number one anode. In addition, however, other effects 
arose which invalidates the results of these high pressure measure-
ments. These are recorded in the distributions and sketche·s of the 
visible glow, figures 36, 37, 38, 39. 
One possible explanation for, or at least contributing to, this 
behavior is that (as noted previously) the 40 psig and 60 psig tunnel 
total pressures correspond to free stream densities of 13.0 and 17.8 
mm Hg, respectively (see figure 6). This is far above the range, par-
ticularly at the higher currents, where stable measurements could be 
made in the static case. (In the static case, 8 mm Hg pressure proved 
just high enough so that reliable data could not be taken; see Section 
IV. 2. 4. ) Consequently, no static counterparts to these data exist for 
comparison purposes. In addition, as in the static case at the higher 
densities, the final distribution depended upon how the electrode seg-
ments were turned on (a hysteresis effect), so that several modes of 
operation were possible. The distributions plotted were the ones 
usually obtained when the discharge was initially struck across the 
electrode segment configuration shown. This behavior is in contrast 
to the results at the lower pressures ,which were completely independ-
ent of how the discharge was turned on and the "path" used to arrive 
at the final electrode segment configuration by switching the various 
electrode segments. 
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Another possible contributor to the unusual results at high 
densities is the formation of an "ion potential well" (see Section III. 3) 
and thus an "electron potential barrier" at high currents and pres-
>:C 
sures. The presence of this electron barrier would explain some 
of the current distributions (see the 1001-!A distributions and sketches 
at 40 and 60 psig on figures 36 and 38, respectively). 
It appears that the data taken at 0 psig and 11-LA is relatively 
free from the several objectionable effects mentioned in the two pre-
vious paragraphs. Accordingly, the 0 psig, l1-1A operating condition 
was used to get a visual indication of the position of the electron cur-
rent for various electrode segment geometries (the visible glow 
roughly confirmed the measured electrode current distributions for 
all of the configurations in figures 23 through 27 and figures 32 
through 39). 
The discharge characteristics as a function of the relative 
positions of anode and cathode are shown on figure 40. The pre-
vailing tendency indicated in these sketches is for the voltages (at 
constant current) to decrease (i.e., discharge is more "efficient") 
when the cathode is moved upstream relative to the anode. In addi-
tion, at both ends (upstream and downstream) of the electrodes, the 
glow seems to bend, following what looks like an electric field cur-
vature (at first, the impulse is to think of the downstream curva-
* From an examination of figure 17, the discharge will probably 
float more and more negative as higher pressures are reached; that 
is, an "ion potential well" or "electron potential barrier" will grow. 
At the low densities, this barrier effect will be much smaller. 
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ture as being similar to a loaded column, an analogy useful in some 
arc work with transverse flows ( 15 )• but the explanation offered is 
more probable). If we accept the thesis that the curvature is simply 
an electric field effect, a possible explanation for the decreased 
voltages noted above for forward movement of the cathode "emitter" 
is as follows: the electrons emitted at the cathode are directed into 
the free stream velocity at the forward end, thus helping the discharge 
particles to compensate for the free stream velocity by giving them a 
"head start"; whereas at the rear, the electric field has a component 
along the free stream direction, and electrons started along these 
field lines create ionizations that are in a disadvantageous position 
with respect to the electrodes. 
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V. SUGGESTIONS FOR FURTHER STUDY 
V. l. Analysis 
In principle, the analysis of the experimental results of the 
preceding sections should be facilitated by the absence of severe 
chemical, thermal, and electromagnetic effects. The theoretical ob-
jective is to find the current paths as a function of the electric and 
fluid-mechanical parameters. Specifically, one would like to know 
the ion and electron number densities, n. , the mean velocities, 
1, e 
- -v . , and the electric field E in and around the discharge region. 
1, e 
Of the pertinent equations, we might write first a drift equa-
tion for each species 
- - -v . = k.(E)E+U (20) 
1 1 00 
- - -v = k (E) E + U ( 21) 
e e oo 
where diffusion terms are ignored, being very small compared to the 
>l< 
other terms. 
In addition, we have Poisson's equation governing the changes 
in the applied electric field due to space charges, some of which may 
be caused by the stream tending to separate the ions and electrons: 
A continuity equation for each specie may be written 
... 
\7-(n.v.)=n 
1 1 
(22) 
(23) 
* Free diffusion of the charged particles is insignificant compared to 
the stream velocity for small mean-free-path high Mach number 
flows. 
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'V • (n ; ) = n 
e e 
(24) 
where n is the net number of ion pairs created per unit volume per 
second. These equations are not easy to solve as they stand even if 
appropriate boundary conditions could be formulated (see Ward( 13 ) for 
discussion of a simpler though similar problem with no flow). The 
problem reduces to solving a highly non-linear partial differential 
equation of higher order. One therefore seeks to find out what ap-
proximations can be used to the equations and boundary conditions and 
still not render them trivial or irrelevant. 
V. 2. Suggested Experiments 
The problem of positive-ion current loss from the discharge 
remains, both for the sub-normal and normal glow regimes. [See 
Mettler's thesis (16).] An experiment that may clarify this situation 
could use a doubly-switched battery power supply such that the tunnel 
potential is always midway between the anode and cathode potentials. 
Then the stray current problem may be attacked, say, by the use of 
a larger facility (such as the Jet Propulsion Laboratory hypersonic 
wind tunnel) and/or the use of a series of support geometries that 
should change any stray current paths, while still maintaining the 
electrode and local flow geometry. A "limiting" geometry surround-
ing the discharge may be obtained such that stray currents would not 
be significant. If this procedure is possible, then the current dif-
ference between the electrodes (if any ) which may be attributed to a 
net number of positive ions blown out of the d i scharge region, could 
be studied as a function of the discharge and stream parameters. 
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The objective remaining is the more detailed description of 
the electron and ion concentration and the current paths in the dis-
charge gap. In particular, the streamwise distribution of the current 
>:C 
density (cf. Section IV) is in need of clarification. 
It might be helpful to choose different geometries for subse-
quent experiments. For example, conduction between two thin, par-
allel cylinders norm:a.l to the stream seems to have some attractions, 
such as a uniform flow field and a known electric field (at least for 
limiting cases of neutrality or extremely small charge density). The 
study of the conductance of such an electrode system should give in-
formation on the bending of the current path due to the flow. Essen-
tially, what one is striving for experimentally is to formulate the 
problem and get results that are in some sense at least qualitatively 
independent of the exact geometry used and the particular condition 
of the electrode surface. (An example is the breakdown - density 
gradient phenomena in Section II.) This criterion becomes of even 
more importance if more complex segmented electrodes are used and 
as finer details are sought. 
If there is reason to believe that one is viewing a "general" 
phenomenon, the charged-particle population and the gain/loss mech-
anism in the gap should finally be studied with more sophisticated 
techniques such as optical filters, spectroscopy, and possibly 
Langmuir probes. The success of these techniques is rather 
* More information is needed on the interaction of two critical "lay-
ers"; the viscous boundary layer and the discharge electrode layer. 
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crucially dependent upon the possibility of obtaining some theoretical 
results to use as a guide and basis of comparison. 
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VI. CONCLUSIONS 
(1) Within the range of parameters investigated, it is possi-
ble to cause dielectric breakdown and to maintain self-sustained dis-
charges with the presence of a hypersonic stream of air flowing 
transversely to the two electrodes. 
(2) The density gradients in the viscous boundary layers help 
reduce the breakdown voltages considerably below the values they 
would have in the presence of a uniform static gas at free stream 
density. 
(3) The dynamic (velocity) effect upon breakdown is smaller 
than might be expected from simple geometrical considerations at 
various densities and reduced electrode widths ,until the extreme limit 
of small electrode streamwise width and high density is reached. 
(4) At high densities in the sub-normal glow regime, much 
higher voltage - current characteristics (for equal currents) are ob-
tained when the ratio of electrode exposed streamwise width to sepa-
ration is reduced, yet the static voltage - current characteristics are 
closely maintained. 
(5) In the normal glow regime, pronounced downstream shifts 
of current paths due to the free-stream velocity are observed when 
current distributions (obtained with segmented electrodes) are com-
pared to the static bell-jar distributions at similar densities. The 
most impressive case was obtained when just the most upstream cath-
ode segment was activated and the distribution read at the anode seg-
ments. In the static case, most of the current turned up at the 
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opposite {upstream) anode, but with flow the current bump was shifted 
downstream and the discharge formed a characteristic angle with the 
flow direction. 
{6) In general, the discharges in the hypersonic stream were 
considerably more stable and could be examined successfully at much 
higher average densities than bell-jar discharges. 
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APPENDIX A 
Derivation of a. 
In this paper, the classical Townsend approximation is used 
for a. , the first ionization coefficient. Its derivation and limitations 
have been thoroughly discussed elsewhere(!, Z); however, for an ar-
bitrary gas density, p = p(y) , it assumes a slightly different form 
and will be re -derived here for convenience. 
Briefly, it is assumed that the electrons do not gain energy 
by collision, that the electrons m :)Ve only in the direction (y) of the 
field, and that the probability of ionization is zero for energies less 
I I I 
than eV. , and is unity for energies greater than eV. where 
1 1 
V. is 
1 
an effective ionization potential and e is the electron charge. 
An electron is assumed to start a path with an energy very 
I 
small compared to e V. • The least distance that the electron has to 
1 
move to gain enough energy for ionization from a uniform field E is 
then 
I 
-t = V . /E 
1 
(A-1) 
The probability that the distanc e travelled by the electron is larger 
than -t follows from the statistical distribution of mean free paths (2 ), 
- -t/A. 
en (A-2) = e 
where n-t/n
0 
is the relative number of electrons travelling a dis-
tance greater than a given length -t before collision, and A. is 
en 
the electron-neutral mean free path. 
If the average number of free paths per meter, ( 1 /A. ) , is 
en 
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multiplied by the probability of the path being of ionizing length, the 
probable number of ionizing collisions per electron per meter in the 
direction of the electric field is obtained: 
' 
1 - V. /EA. 1 en 
= r-e (A-3) 
en 
2 But 1 /A. = Ap , where A is a constant = [m /Kg] , and p is the 
en 
gas density = p(y) . Also, for a uniform E , at breakdown, E = 
Vb/d , where Vb is the breakdown voltage and d is the electrode 
separation. 
' Finally, with B = AV. , 
1 
- Bp(y)d/Vb 
a. = Ap(y) e = I number of ion pairs formed 
electron-meter in direction of E 
(A-4) 
The values and ranges of validity of A and B have been determined 
by a number of experiments (see refs. 1, 2). For air, in MKS units, 
A = 9. 3 X 105 [m2 /Kg] and B = 2. 3 X 107 [V m 2 /Kg]. 
(A-5) 
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APPENDIX B 
Integration of the Breakdown Equation 
The breakdown condition may be written in the form: 
d d - Bp(y)d I a. dy = I Ap(y) e vb 
0 0 
dy = .tn ( -y+ 1 ) 
'Y 
(B-1) 
Using the density profile p = p(y) given in figure 4, we may 
integrate the above expression as follows: 
no 6 d-x.o 
= (1 +x.) I 0.1 dy + (1 +x.) I a.2dy +I 0.3 dy 
0 110 6 
Let 
c - Thus, a. 
Evaluating the integrals, 
!16 I a.1 dy 
0 
6 I a.2 dy 
110 
0 
1 I Apoo(M+N;) e-C(M+N;)d; 
11 
1 1 
(B- 2) 
(B-3) 
(B-4) 
I 0.2 dy 
110 
= (~)A(pood)Me-CM I e-cN;d; + (~)A(pood)Ne-CM I ;e-CN~; 
11 , 
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Now 
e-CN~ 11 = 1 (e -CN'Il _ e -CN) 
-CN CN 
'1'1 
and 
~ e -CN~ 11 1 
-CN + CN 
11 
Hence: 
0 
-CM I o e [ -CN1') -CN 1 -CN1') -CN } cx. 2dy=(cr)A(p00d) CN N11e -Ne +(M+c)(e -e ) . 
1')6 (B-5) 
d 
d-x.o 6 - x. I cx.3dy = o J Ap00 e-Cd~ = (~)A(p00d)e-C(~- x. _ 1) • (B-6) 
6 1 
Substituting (B-4), (B - 5), and (B-6) into (B-2), we have: 
or, 
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Solving for the parameter (5/d)(1+x.), 
( ~ )(l+x.) = 
)1+1 -C 
.tn(-)-A(p d)e y co 
A.C -CM 
A(pcod)(TlA.e- +eCN [""] -C} - e 
Fin ally, 
A(p d) 
( ~ )(1 +x) = ___ co __ c=-----
'1' - e 
-c 
- e 
(B-7) 
where 
-A.C e-CM 1 CN 1 CN 
'I'= f1Ae + CN [(M+N'I'l+c)e- '11-(M+N+c)e- ] 
and 
1-A. M = A.-(-)'11 1-'11 
N = ( 1-A. ) 1-'11 
B(p d) 
c 
co 
= 
vb 
The best curve fit to the experime ntal boundary layer density profiles 
occurs for M = - 0. 747 and N = 1. 747 (see fig. 4). 
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APPENDIX C 
Calculation of Sub-Normal Glow Current Level 
To calculate the magnitude of the largest currents tolerable 
in order to avoid large space charge electric fields across the gap, 
we use Poisson's equation, 
dE = £. (all MKS units) Ty e 
where E is the electric field, y here is the distance measured 
from the anode, p = p. - p is the excess charge density, and e: ~ e: 
1 e o 
is the dielectric constant for air. Now p. - p ~ p. , since space 
1 e 1 
* charge electric fields are mostly caused by positive ions. Hence 
J. is the positive ion current density, and 
l 
vit is the average ion drift velocity transverse to the electrodes. 
Then 
dE 
Ty~ 
J . 
l 
e: v . t 0 l 
We know Ji at most = J , and vit is at least of order U 
00 
(see 
discussion in Section II. 3 ). 
Thus, we take Ji = 100, 000 I where I is amperes discharge 
current, and v . t = 1, 000. For J. , we have tentatively assumed that 
l l 
the area of the smaller electrodes (0. 1 em 2 ) is just cove red by the 
discharge. Then 
100, 000 I dE 
ay ~ 8.87X10-IZX1000 
See p. 213, ref. 2. 
10 13 I volts/meter 
::::::: meter 
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For less than a 10 per cent change in E over a distance like 
4 
a boundary layer thickness (assuming E = 5 X 10 V/m, b.l.t. = 
0. 005 m) , 
dE 5 X 103 
dy < o. 005 = 
and 
or 
-7 I< 10 amperes. 
Hence, if we work in the 0. 1 microampere region of the dis-
charge, then large electric field distortion is avoided. For a quali-
tative indication of space charge effects upon the electric field, see 
fig. 6 of Ward(l3). 
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FIG. 28- DYNAMIC TEST APPARATUS 
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